Background: Varied deformities of the upper arm are common after massive weight loss. Brachioplasty techniques have been successively modified to improve aesthetic outcomes and avoid complications, especially lymphedema and sensory damage. Objectives: The authors evaluated lymphatic drainage and sensory function of the upper limbs after brachioplasty performed with a double-ellipse marking technique, a medial incision, superficial undermining, and posterior arm liposuction. Methods: This prospective study included 12 women who underwent brachioplasty after bariatric surgery and massive weight loss. Lymphatic drainage was evaluated by forearm volumetry and indocyanine green lymphography of the entire limb. Cutaneous sensitivity thresholds were determined with Semmes-Weinstein monofilaments. Results: Patients received postoperative follow up for 12 months. Complications included a small dehiscence for 1 patient and hypertrophic scarring for 2 patients. Cutaneous sensitivity and forearm volumetry were unchanged after brachioplasty for all patients. Results of indocyanine green lymphography indicated that all patients had normal linear lymphatic patterns pre-and postoperatively. Conclusions: Results of the study support the belief that this type of brachioplasty does not disrupt sensory or lymphatic function of the limb.
Since the original descriptions of brachioplasty by Thorek 7 and by Correa-Iturraspe and Fernandez, 8 this procedure has undergone successive modifications to improve aesthetic outcomes and decrease the risk of complications. Brachioplasty is associated with a wide range of complications, including wound dehiscence, [9] [10] [11] which is more common among patients who have undergone bariatric surgery, 12 as well as seroma, hypertrophic or wide scarring, underresection, edema, infection, lymphocele, lymphedema, and nerve injury. 5, 6, [13] [14] [15] [16] Patients generally express satisfaction with brachioplasty, despite minor complications, such as conservatively resolving seroma, small dehiscence, unfavorable scarring, or underresection that requires minimal revision. 16 However, patients who experience functional complications, such as lymphedema or sensory damage, typically regard the outcomes of brachioplasty as unsatisfactory. 17, 18 Lymphatic and nerve damage may occur during dissection and excision of excess tissue. To avoid these unfavorable outcomes, Pascal and Le Louarn 19 modified brachioplasty to include superficial undermining with liposuction. This technique reduces the risks of sensory nerve injury as well as lymphatic drainage impairment, 19 which causes lymphedema and seroma. 18 Since 2003, we have performed a double-ellipse technique of brachioplasty for patients who have undergone bariatric surgery. Key surgical maneuvers with this technique are medial incision, superficial undermining, and liposuction of the posterior arm. We conducted the present study after we observed no cases of lymphedema, sensory damage, or seroma among 58 patients who received double-ellipse brachioplasty, without postoperative drain placement, in our facility (unpublished findings). Herein, we describe an objective analysis of lymphatic and sensory function after brachioplasty for a series of patients with a history of bariatric surgery and massive weight loss.
METHODS

Patients and Study Design
Twelve women (24 upper limbs) who underwent brachioplasty from September 2014 to March 2015 were evaluated in a prospective study. All patients previously underwent bariatric surgery to treat obesity and subsequently experienced massive weight loss. Included patients had at least 1 year of weight stability. Exclusion criteria were a history of diabetes, peripheral neuropathy, lymphedema, or surgery of the arm or axilla. This study was conducted in accordance with guidelines set forth in the Declaration of Helsinki. Details of the study, including a guarantee of confidentiality, were explained to patients, and all patients provided written informed consent.
Assessment of Sensory Function
Sensory detection thresholds were assessed by means of Semmes-Weinstein monofilaments (SWMs; Aesthesio, Precision Tactile Sensory Evaluator, DanMic Global, San Jose, CA), with stimulus forces ranging from 0.008 g to 300 g (Appendix A, available as Supplementary Material at www.aestheticsurgeryjournal.com). The same investigator (M.S.) assessed sensory function for all patients, and testing was conducted in a quiet room with the patient blindfolded, seated in a comfortable chair, and with arms placed on the armrests.
Eight anatomic sites were evaluated for sensory function; these sites all were innervated by nerves that were vulnerable to injury by brachioplasty with a medial incision: (1) the medial arm, 5 cm distal from the axillary fold (intercostobrachial nerve); (2) the medial arm, 10 cm distal from the axillary fold (medial brachial cutaneous nerve); (3 and 4) the anteromedial surfaces of the forearm, 5 cm distal from the antecubital fossa and 5 cm proximal to the wrist (medial antebrachial cutaneous nerve); (5 and 6) the palmar surface of the distal phalanx and the base of the little finger (ulnar nerve); and (7 and 8) the palmar surface of the distal phalanx and the base of the index finger (median nerve) (Figure 1 ). Each monofilament was pressed on the skin until it bowed and then was held for 1.5 seconds. Monofilaments were applied to each site consecutively (from least to greatest stimulus force) and in Figure 1 . Illustration of sensory areas along the anterior surface of the arm; associated sensory nerves also are indicated. The 8 white spots correspond to points of sensory examination with Semmes-Weinstein monofilaments. triplicate, as described by Bell-Krotoski. 20 Patients were instructed to say "yes" each time they felt a stimulus. If the patient responded "yes" for at least 1 of 3 applications, that stimulus force was recorded as detected.
Responses were scored according to the manufacturer's instructions and published literature. 21, 22 Specifically, detection of stimulus forces of 0.008 g to 0.07 g (device size, 1.65-2.83) was considered normal sensation. Detection thresholds of 0.16 g to 0.4 g (device size, 3.22-3.61) were regarded as "diminished light touch," and thresholds of 0.6 g to 2 g (device size, 4.08-4.31) were considered "diminished protective sensation." "Loss of protective sensation" was noted for detection thresholds of 4 g to 180 g (device size, 4.56-4.45), and detection at only 300 g (device size, 6.65) was recorded as "deep pressure only."
This sensory evaluation was conducted in preoperatively and 12 months postoperatively.
Evaluation of Lymphatic Function
Lymphatic function was assessed in terms of drainage and forearm volumetry. Whole-arm volumetry was omitted because brachioplasty reduces the volume of the upper arms, thereby precluding postoperative detection of lymphatic swelling. Drainage was analyzed by indocyanine green (ICG) lymphography, 23 which we perform routinely in lymphedema and lymphocele studies. 24 Briefly, 0.1 mL of ICG (Verde Indocianina Pulsion, Pulsion Medical Systems AG, Munich, Germany) was injected intradermally in the second web space of the hand and in the ulnar border of the palmaris longus tendon at the level of the wrist. After injection, still images and videos of the lymphatic channels were obtained with an infrared camera (Photodynamic Eye, Hamamatsu Photonics KK, Hamamatsu, Japan). A linear pattern of lymphatic channels, without evidence of dermal backflow, was considered normal.
ICG velocity also was determined for each arm, as described previously. 25 Forearm volume was computed from the frustum formula, described by Casley-Smith 26 : V = h × (C 2 + C × c + c 2 ) / (12 × π), where C is the girth of the distal section, c is the girth of the proximal section, and h is the distance between the distal and proximal sections. For each patient, we obtained 6 girth measurements at 4-cm intervals along the forearm, from the wrist to the olecranon. ICG lymphography and forearm volumetry were evaluated preoperatively and 12 months after surgery.
Preoperative Markings
Preoperative markings were made while the patient was standing with arms abducted and forearms bent at 90°.
The medial condyle of the elbow, the axillary dome, the anterior and posterior axillary folds, and the medial brachial sulcus were indicated, and 2 nearly perpendicular ellipses were marked: 1 in the medial surface of the arm and 1 in the axilla. The approximate axis of the first (longitudinal) ellipse was represented by a straight line along the medial brachial sulcus from the medial condyle of the elbow to the axillary dome. The upper edge of the ellipse was made by tracing this distance while applying downward traction of the soft tissue of the medial arm. When traction was released, this line had upward concavity. The lower edge of the ellipse was determined for each patient based on results of a pinch test and the amount of liposuction planned.
The second (transverse) ellipse was marked in the axilla to manage axillary skin ptosis and excess with an inferiorly placed V flap ( Figure 2A ). Intraoperatively, mild traction of this flap enabled lifting of the posterior axillary fold, allowing for T or L closure of the skin. The resection pattern was adjusted as needed during surgery. However, preoperative markings were considered essential for planning the resection before infiltration of the arm.
Surgical Procedures
All patients received general anesthesia and were positioned supine with their arms on surgical table arm boards. The arms were prepared with antiseptic, and the hands were wrapped in sterile drape, allowing the surgeon to move the arms as needed. The posterior arm was infiltrated with a solution of 200 mL of saline and 1 mg of epinephrine. Liposuction of deep and superficial layers was conducted with 4-mm and 2-mm cannulae, respectively ( Figure 2B ). Subsequently, a 2-mm cannula was applied for tunnelization of the superficial subcutaneous layer of the medial arm (beneath the longitudinal ellipse), without suction ( Figure 2C ). (After bariatric surgery and massive weight loss, this site usually has minimal fat and requires no suction.) The upper edges of both ellipses were incised in continuity ( Figure 2D ). Superficial undermining with a cold blade was performed immediately under the dermis toward the inferior edge of the longitudinal ellipse ( Figure 2E-F) . The wound edges were apposed several times during undermining to prevent overresection of the skin.
The axilla was undermined subdermally beneath the transverse ellipse, with limited undermining toward the posterior axillary fold and the inferior line of the ellipse. This allowed for a posterior V flap that could be gently advanced to produce mild lifting of ptotic skin of the axilla and the proximal third of the arm. Excess hanging tissue was removed, with minor skin resection when needed, to manage arm contour and position the scar in the sulcus. Wound closure was achieved in the subcutaneous layer with 2-0 and 3-0 poliglecaprone sutures and in the skin with an intracuticular 4-0 poliglecaprone suture (Monocryl, Ethicon Inc, Southington, CT).
Statistical Analyses
Preoperative and postoperative forearm volumes were compared with the Wilcoxon rank sum test for paired values (Appendix B, available as Supplementary Material at 
RESULTS
Patient data are summarized in Table 1 . The patients' mean (± SD) age was 40.1 (± 9.4) years (range, 25-55 years) and mean preoperative (± SD) BMI was 29 (± 4.4) kg/m 2 (range, 24.5-41.64 kg/m 2 ). Before this study, 3 patients underwent biliopancreatic diversion, 7 had gastric bypass, and 2 underwent sleeve gastrectomy. One patient had been diagnosed with hypothyroidism, 1 with hypertension, and 1 with paroxysmal atrial fibrillation. Four patients were smokers. The mean follow-up period was 13 months (range, 12-18 months). One patient experienced minor dehiscence at a site of wound curvature in the right axilla. For 2 patients (including 1 with dark skin), hypertrophic scarring occurred, which improved following application of silicone plaster (Mepiform, Mӧlnicke Health Care, Göteborg, Sweden). No other complications were noted. In all patients, the procedure was successful for managing the excess brachial skin, and arm contour was aesthetically pleasing (Figures 3-5) . The distribution of pre-and postoperative sensory thresholds was superimposable, thus preventing appropriate statistical analyses (Appendix C).
Preoperative volumes of the right and left forearms were not significantly different (z = 0.78; P = 0.42). Similarly, postoperative volumes of the right and left forearms did not differ significantly (z = 0.94; P = 0.34). Pre-and postoperative mean volumes of the forearms (preoperative mean, 884.96 mL; postoperative mean, 847.37 mL) also were similar (F = 0.34; P = 0.55) (Appendix B).
Results of ICG lymphography were normal for all patients preoperatively and did not change postoperatively (Appendix B). Specifically, linear patterns with no dermal backflow were observed for right and left arms after surgery ( Figure 6A-D) . For 8 patients, a representative lymphatic vessel could be identified in the medial arm during preand postoperative examinations. This vessel crossed the brachial scar ( Figure 6E-F) and exhibited a normal linear pattern. Moreover, ICG velocity was normal for all patients and was not altered by surgery. These findings suggest that a medial brachial incision with superficial undermining does not damage underlying lymphatic vessels. 
DISCUSSION
Although the number of brachioplasty procedures has increased during the past 20 years, 1 complication rates are high; 25% to 40% of patients experience adverse effects from this operation. 27 A major challenge with brachioplasty involves the position and quality of the scar. The goal is to achieve predictable scar placement with minimal visibility, while minimizing complications such as wound-healing problems. The results of bariatric surgery and massive weight loss often include skin excess that extends from the elbow to the chest in horizontal and vertical directions. In our experience, brachioplasty typically involves zones II and III, as delineated by Strauch et al. 28 The arms of A B C D patients treated in our facility usually can be categorized as Teimourian grade III or IV. 15 For management of wholearm laxity in these patients, procedures that involve limited or short scars are not feasible. 12 Strauch et al 28 have suggested placing the scar in the posterior surface of the arm, citing decreased frontal visibility and reduced incidence of lymphatic and sensory damage. However, this approach poses some risk of injury to the subcutaneous posterior branch of the medial cutaneous antebrachial nerve, which can result in painful neuroma and paresthesia of the elbow skin. 29 Investigators who advocate positioning the scar in the medial brachial sulcus maintain that this placement conceals the scar from frontal view during normal limb adduction and that posterior scar placement is noticeable from behind and is prone to contracture and hypertrophy. 4, 30 We agree with authors 4,9,11,31 who consider the medial brachial sulcus to be aesthetically optimal for scar placement. Although this position generally allows for acceptable visibility of the scar during expressive conversations and daily activities, the patient must be informed during preoperative counseling that unfavorable scarring is a possibility. 32 In addition, the medial incision occurs near subcutaneous branches of sensory nerves and superficial lymphatics of the limb. To reduce the risk of damaging these structures, brachioplasty has been modified to include liposuction, superficial undermining, and resection of the skin layer only. 19 SWMs have debatable utility for some applications but are regarded as effective for determining sensory detection thresholds of the upper limbs. [20] [21] [22] Dellon et al 34 found SWMs to be inferior to a pressure-specified sensory device developed by these authors. Levin et al 35 criticized SWMs because results with these devices are expressed in terms of force rather than pressure. SWMs have limited value for assessing the normal detection threshold of a specific anatomic site or for ascertaining the magnitude of sensory loss that would constitute a pathognomonic finding. However, the main concern with SWMs is that vibration of the hands during application of the device can vary extensively among evaluators, 20 even with SWMs designed to control the force applied. Support for the utility of SWMs includes evidence that summation of stimuli, induced by repeated application of the monofilament, does not invalidate testing of stimulus forces from light touch to deep pressure. 20 For this reason, standard protocol specifies that the examiner touch each monofilament to the skin in triplicate. In our study, all SWM testing was performed by the same examiner, with the purpose of identifying significant threshold differences that could be ascribed to surgical trauma. Therefore, data were examined in terms of relative differences in pre-and postoperative detection thresholds, rather than absolute threshold values.
We selected 8 sites for skin sensitivity testing; together, these sites were innervated by 5 nerves that could be damaged by brachioplasty with an incision in the medial brachial sulcus. The nerves most likely to be injured during this procedure are the medial antebrachial cutaneous nerve and the medial brachial cutaneous nerve. The medial antebrachial cutaneous nerve pierces the deep brachial fascia 8 to 21 cm (average, 14.5 cm proximally from the medial epicondyle), runs subcutaneously, and divides into anterior and posterior branches. 29 Injury to this nerve can occur during undermining of the medial arm skin. In comparison, the medial brachial cutaneous nerve is more posterior, usually runs along the basilic vein, and sends proximal and distal branches to the skin 7 to 15 cm from the medial epicondyle. 29 This nerve also may be injured during dissection of the medial arm skin. The median and ulnar nerves run deep within the brachial fascia, in close proximity to the medial intermuscular septum. Major damage to these nerves may occur if the fascia is unintentionally opened in the deep plane during dermolipectomy. 29 To avoid this, Knoetgen and Moran 29 recommend preserving a ≥1-cm-thick layer of fat over the deep brachial fascia. The ulnar nerve may be injured at the medial elbow condyle during dermolipectomy of the medial arm or skin incision prior to liposuction. 27 The intercostobrachial nerves are vulnerable during dermolipectomy of the proximal part of the medial surface of the arm or axilla. 36 We employed threshold values recommended by the manufacturer; these values were developed for sensory evaluations of the hand and the dorsal foot. Our findings of diminished light sensation and diminished protective sensation in some areas of the upper limb may be attributed to the disparate sensory capacities at these sites. Nevertheless, pre-and postoperative relative differences in detection thresholds were not significant.
To assess lymphatic drainage, we performed forearm volumetry and observed lymph progression with ICG lymphography. These methods allow for detection of clinical and preclinical impairments in lymphatic drainage. ICG lymphography is regarded as sensitive, specific, less invasive than lymphoscintigraphy, and superior for visualizing superficial lymphatic pathways, which are directly related to lymphedema pathogenesis. In cases of damage to lymphatic channels of the limb, altered findings with ICG lymphography precede clinical symptoms. Disrupted patterns of dermal backflow can be observed by ICG lymphography 6 to 9 months after injury, whereas clinical signs may not become apparent for years. Some early alterations detected with ICG lymphography represent irreversible damage that will ultimately progress to lymphedema. 37 Twelve months postoperatively, we observed normal linear patterns of lymphatic vessels without dermal backflow, which ruled out lymphatic damage. In the medial arm, the presence of lymphatic pathways intersecting the scar indicated that these pathways were not disrupted by superficial dissection and subdermal undermining. However, imaging of lymphatic vessels with ICG lymphography was challenging for 4 patients because percutaneous fluorescence visualization is possible only to a depth of 1.5 cm from the skin surface. We also applied ICG lymphography to analyze lymph velocity, which is known to decrease for patients with lymphedema. 25 For all patients, lymph velocity was normal and was unchanged after brachioplasty.
We suggest that our double-ellipse brachioplasty technique preserved sensory and lymphatic function because we performed undermining just beneath the dermis and only dissected skin that was planned for removal. Main nerve trunks and lymphatic channels run deep below this surgical plane, and when the wound is closed, the edges are not undermined. We also performed liposuction of the posterior arm, which posed no damage to the nerves or lymphatic pathways. Brachioplasty often is combined with liposuction to improve contour and limit skin excision to only superficial layers, thereby reducing the risk of nerve or lymphatic damage. Recently, 2 studies addressed the safety of brachioplasty with concurrent liposuction for patients who had undergone massive weight loss. Gusenoff et al 38 suggested that brachioplasty could safely be combined with other procedures, such as liposuction, but noted that patients with higher BMIs have greater risks of complications. Bossert et al 39 evaluated the safety of excisional brachioplasty involving a medial scar and concurrent posterior arm liposuction (with liposuction performed outside the brachioplasty excision site) and found that patients who underwent the combined procedure had the same complication rate as patients who received brachioplasty alone (level of evidence, III). These authors suggested that preoperative debulking or staged procedures were unnecessary. 39 Aly 40 advised against performing liposuction with excisional brachioplasty, noting that edema and swelling can accompany liposuction and interfere with skin removal in brachioplasty, leading to over-or underresection. Among proponents of the combined procedure, some investigators disagree on whether to suction the arm at the excision site, 17 adjacent to the excision site, 2,3 or circumferentially. 19 In the present study, we performed subdermal tunnelization, without suction, at the excision site of the medial arm to facilitate skin undermining immediately beneath the dermis. Liposuction was carried out only in the posterior arm, where we often observe residual fat after bariatric surgery and massive weight loss. In a recent review, Zomerlei et al 41 determined that this combined procedure is safe. Based on our experience, we recommend suctioning excess fat of the posterior arm and only undermining the excess skin planned for removal.
The main limitation of this study is its small sample size; larger studies are needed to confirm our findings. However, our results with 24 upper limbs indicate, consistently, that this brachioplasty technique preserves sensory and lymphatic function and produces pleasing aesthetic outcomes.
CONCLUSIONS
Standard brachioplasty is associated with a high rate of complications. Our technique of double-ellipse brachioplasty involves an incision in the medial brachial sulcus, superficial subdermal undermining with a cold blade, and liposuction of the posterior arm. We found no alterations in sensory or lymphatic function of the upper limb postoperatively. This surgical procedure has utility to treat arm deformities after bariatric surgery, allowing for management of skin excess and arm contour with a low rate of complications. To our knowledge, this is the first study to objectively analyze lymphatic and sensory function after brachioplasty in patients who have undergone bariatric surgery and massive weight loss.
